Abstract-A full-wave thermally switched superconducting rectifier, able to operate directly from the mains at the 50-60 Hz frequency, has been developed in our institute. Typical design output values of this device are: current 300 A, voltage up to 1 V, average power up to 100 VA and an efficiency better than 95 %. The rectification is achieved by means of fast-response switches and an iron core transformer. A simple and reliable algorithm for the rectifier operation, based on the measured current change across the switches, is developed and tested while powering a small magnet. The new features of the rectifier presented allows for a simplification of the construction and a significant reduction of cost, mass and volume.
I. INTRODUCTION.
In a superconducting (SC) rectifier phase transition "superconductor-normal metal" is used for rectification. Unfortunately, losses in a rectifier are strongly dependent on it's operation frequency. Due to this a rectifier with efficiency 295% usually has an operation frequency lower, than 5 Hz [l-51 . From the other hand, similar devices operating at the 50 and 60 Hz with efficiency higher than 80% are not known.
To combine high operation frequency of the SC rectifier with high efficiency means to simplify substantially it's construction and operation. But for this it is necessary to improve the operation of its main superconducting components: of the switches and of the transformer. Some results of such development are presented in the paper.
PRINCIPLES & THEORY
A. The principles of operation.
In Figure 1 the electrical scheme of the rectifier is shown. Here Ea is the e.m.f. source, Sa is the electronic switch, %, La represent active and inductive resistances of the primary circuit. The SC transformer P is represented in the scheme by its primary Lp and secondary L,, L2 self-inductances while the mutual inductances are not shown. S , and S2 are the thermally activated SC switches of the rectifier. LL is the inductance of the SC magnet which is charged but in fact it is not a rectifier element as well as the persistent current switch S3.
The operation of the rectifier switches SI, S2 and Sa is regulated by a control unit. It is not shown in the figure as well as other additional components such as electrical joints, the sensors to measure the primary and secondary currents, magnet protection system, etc.
The rectifier operation is somewhat different from those described earlier [l-51. As illustrated in Fig. 2 for the case of inductive commutation (and the sinusoidal input voltage), the operation is cyclic where each half cycle consists of four stages: 1. Opening a switch. A heater pulse is supplied to one switch in order to open it when current across it passes zero (or close to it) in one of the directions.
The following innovations are realized in the 3. Closing a switch. From the moment when the voltage across the switch passes zero, it's resistance also becomes zero, and it automatically closes and the recovery starts. 4. Commutation. At the moment that both switches are in the superconducting state due to the applied voltage, inductive commutation starts. In the switch a mixed 'recovery-commutation' process takes place by which simultaneously the gate temperature decreases and the current increases.
Then these four stages are repeated in the second rectifier switch. In the resistive commutation mode, control signals of the switches are generated at the moments when the mains voltage passes zero or close to this value. with amplitude U , is generated by the transformer:
where uL'=UL'/UL~ and ULl=2xU& is a scaling factor. 'Warm' part.
Accounting for further plans, the 'warm' part has been realized within the mentioned limitations but in fact it is able to drive a one order more powerful 'cold' part (and generate 10A, 300V power and 50W, 2ms control output signals).
'Cold' part.
The rectifier 'cold' part is built according to the mentioned mass-volume requirements. The main conductors used to built the 'cold' part are specified in Table 2. controlled switches is well known. But the peculiarity of the fast-response switches is that their gate resistance is activated only by a heater pulse in a large number in the gate cross sections and then it is controlled by the applied voltage. The number of initially activated normal zones determines the speed of the switch response when the applied voltage is changing.
. The main parameters of the switches are summarized in Table 4 . Further details of their operation can be found in reference [6].
IV. RESULTS & DISCUSSION.
During the experiments the rectifier has demonstrated a behavior very similar to the usual thyristors based one: if the power voltage and current do not exceed maximum values, control signals are generated in Table 4 . Specification of the switches 
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The transformer. A cold non-saturated iron core SC transformer (see Fig. 1 ) has been selected to reduce the applied a.c. voltage and to get an appropriate output current. It's secondary consists of two coil sections, connected in series. An estimation shows that for this case a coupling coefficient k=.9996 can be attained. Therefore the ratio between primary to both secondary tums must be about ILo/21po, i.e. 76. Other important parameters of the transformer are presented in Table 3 . * -between the primary and each secondary current into the magnet. A few are presented in Figure 4 and they are in a good agreement with theory. The maximum available current pumped into the magnet was limited by the magnet quench current of 320 A at 50-60 J3z operation. Commutation errors which were higher than expected, have limited the output voltage to 0.6 V. The rectifier operates successfully at frequencies up to 100 Hz, but some decrease of the output parameters have been observed. Start and stop operations at any current in the magnet, and a change of the output voltage polarity and are reliable features. The resistances of the joints are Based on the experimental data the calculated energy efficiency exceeds 96% and it can be improved to 97% if the switches are made equal (see Table 4 ).
The experiments demonstrate that the rectifier system is reliable and safe. No changes of the system parameters are found during some runs (which corresponds to more than 2 Megacycles of the operation).
Areas of auulication. The SC rectifier with an efficiency exceeding 98% is more preferable for powering magnets with an output voltage U , of less than 0.2 V than any powering system including high current leads. This is caused by the poor efficiency of such leads.
If retracktable leads are not acceptable, then the SC rectifier is more efficient at any output voltage.
The only limitation in this case is, that the ratio between the flux @,o=LLxIM stored in the magnet and storage time @ , (during which magnet current 1 , is constant) not exceeds 0.1V.
V. CONCLUSIONS.
A novel 50-60 Hz superconducting rectifier, a model for a new generation of similar devices, has been developed. A number of innovations realized determine a successful combination of it's application properties. Particularly, the power control unit is simple and reliable, the 'cold' part is small (less than 5 litres, 2 kg) and the device is powerful (up to 100 W average output power) and efficient. MT-11 Confere Japan, 1989 , vol.1, pp.461-466, 1990 . The maximum efficiency which theoretically can be achieved exceeds 98%. This figure is high enough for the
